Power spectra of epicardial electrograms were studied in 13 anesthetized dogs subjected to occlusion of the left anterior descending coronary artery. Electrograms were obtained from a bipolar electrode placed on the epicardial surface of the left ventricle and recorded before and after coronary occlusion. After digitization, power spectra of the first and every 50th subsequent waveform were evaluated and compared with the power spectrum of the average waveform obtained from the baseline recording. In particular, we examined variations in relative power content in three frequency ranges: 150-250 Hz, previously shown to be directly affected by myocardial ischemia; 40-150 Hz, presumably corresponding to the fine notches and slurs on the body surface QRS; and 2-40 Hz, the low-frequency range. Apart from a mild initial rise during the first 50 heart beats, the power in the high-frequency range gradually decreased, reaching 5% of the control value at wave 500. The power in the mid-frequency range showed a monotonous decrease after the occlusion and reached 16% of the control. The power in the low-frequency range showed a gradual buildup to 140% of the control after 500 heart beats. Therefore, ischemia causes a shift of the high-frequency spectral components of the local electrographic waveform to lower frequencies. Our findings and the fact that body surface ECG is produced by spatial summation of local electric potentials over the different regions of the myocardial tissue may explain two previously described effects of acute myocardial ischemia on the body surface ECG complex. First, local loss of spectral components in the range 150-250 Hz may produce a zone of reduced amplitude within a QRS complex band-pass filtered in this range. Second, displacement of power in the frequency domain may suggest an explanation to the increased incidence of visible notches and slurs on the surface QRS complex, characteristic to various myocardial pathologies. (Circulation Research 1990;66:1681-1691 I nvestigation of the origin and nature of the power contents in the different frequency ranges in wide-band ECG signals is essential to the interpretation of electrophysiological processes responsible for normal cardiac activity as well as for the understanding of pathogenesis of various myocardial dysfunctions. Many studies focused on the high-frequency components of the body surface ECG signals,1-13 mainly by examination of fine notches and slurs appearing on the upstroke and downstroke of the QRS complex. Most of these studies presented evidence of an increased incidence of notches and From the School of Physics slurs in different myocardial pathologies.3-13 Some investigators carried out experimental work aimed at the determination of the origin and anatomic basis of the notching of the QRS complex.12
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Power spectra of epicardial electrograms were studied in 13 anesthetized dogs subjected to occlusion of the left anterior descending coronary artery. Electrograms were obtained from a bipolar electrode placed on the epicardial surface of the left ventricle and recorded before and after coronary occlusion. After digitization, power spectra of the first and every 50th subsequent waveform were evaluated and compared with the power spectrum of the average waveform obtained from the baseline recording. In particular, we examined variations in relative power content in three frequency ranges: 150-250 Hz, previously shown to be directly affected by myocardial ischemia; 40-150 Hz, presumably corresponding to the fine notches and slurs on the body surface QRS; and 2-40 Hz, the low-frequency range. Apart from a mild initial rise during the first 50 heart beats, the power in the high-frequency range gradually decreased, reaching 5% of the control value at wave 500. The power in the mid-frequency range showed a monotonous decrease after the occlusion and reached 16% of the control. The power in the low-frequency range showed a gradual buildup to 140% of the control after 500 heart beats. Therefore, ischemia causes a shift of the high-frequency spectral components of the local electrographic waveform to lower frequencies. Our findings and the fact that body surface ECG is produced by spatial summation of local electric potentials over the different regions of the myocardial tissue may explain two previously described effects of acute myocardial ischemia on the body surface ECG complex. First, local loss of spectral components in the range 150-250 Hz may produce a zone of reduced amplitude within a QRS complex band-pass filtered in this range. Second, displacement of power in the frequency domain may suggest an explanation to the increased incidence of visible notches and slurs on the surface QRS complex, characteristic to various myocardial pathologies. (Circulation Research 1990;66:1681-1691) I nvestigation of the origin and nature of the power contents in the different frequency ranges in wide-band ECG signals is essential to the interpretation of electrophysiological processes responsible for normal cardiac activity as well as for the understanding of pathogenesis of various myocardial dysfunctions. Many studies focused on the high-frequency components of the body surface ECG signals,1-13 mainly by examination of fine notches and slurs appearing on the upstroke and downstroke of the QRS complex. Most of these studies presented slurs in different myocardial pathologies.3-13 Some investigators carried out experimental work aimed at the determination of the origin and anatomic basis of the notching of the QRS complex. 12 Another group of studies'4-17was dedicated to the investigation of the frequency contents of the QRS complex in the specific range of 150-250 Hz. The morphology of a band-pass filtered ECG waveform, containing information limited to this frequency range, was shown to be directly affected by myocardial ischemia14-16 and other localized processes causing inhomogeneity in the electrophysiological properties of the myocardial tissue.17 Acute ischemia as well as localized myocardial hypothermia17 produced a zone of reduced amplitude within the QRS complex of the band-pass filtered high-frequency waveform.
Neither the connection between the two phenomena nor the difference between them has been questioned, even though both have been referred to as the high-frequency ECG. In our recent study,18 we applied a series of digital filters to determine the limits of the frequency band corresponding to notches and slurs. It was found that the information associated with notches and slurs corresponded mainly to the frequency range of 40-150 Hz.18 In other words, the notches and slurs examined were found to comprise frequencies lying well below the high-frequency band of 150-250 Hz. However, we have noticed that the time of incidence of the notch in the body surface QRS complex is usually identical to the time of incidence of a zone of reduced amplitude in the filtered high-frequency waveform (Figure 1 ). Therefore, having in mind that the body surface ECG is produced by the summation of time-dependent electric potentials simultaneously occurring in different regions of the myocardium, one could suggest that the two findings, though corresponding to different frequency ranges, might possibly originate from the same region of the myocardium.
It thus seemed appropriate to study power spectra of local electrograms obtained directly from the surface of myocardial tissue during the first stages of acute ischemia induced by complete coronary occlusion. This approach might be useful in understanding changes occurring in the surface ECG, especially in cases of extended ischemia. We thus decided to search for a relation between the variations in power in the aforementioned frequency ranges after coronary ligation. In particular, we investigated the fol-lowing question: can the development of the above high-frequency details be explained by a regional decrease in rate of electrical activity and a subsequent displacement of power from the highfrequency range to the lower frequencies?
Methods

Experimental Techniques
Experiments were conducted on 13 adult mongrel dogs (weight, 15-27 kg) . After a 24-hour fast, the animals were anesthetized with pentobarbital sodium (30 mg/kg i.v.), intubated, and ventilated with a Bird Mark-8 apparatus (Palm Springs, California). Small additional doses of pentobarbital were administered as required during the experiment. Body temperature was kept constant by a heating lamp. The body surface ECG was monitored continuously. The position of the electrodes was carefully controlled to allow for uniform recordings in all experimental animals.19 A 5% dextrose-0.9% saline solution was infused at a constant rate during the entire experiment through a polyethylene catheter inserted in a femoral vein to sustain an open intravenous line.
Sternotomy and pericardiotomy were carried out, and a pericardial cradle was established for suspension of the heart. Epicardial electrograms were recorded from a bipolar Ag-AgCl electrode (interelectrode distance, 5 mm) fixed on the anterior surface of the left ventricle along the direction of depolarization wavefront propagation. The proximal part of the left anterior descending coronary artery (LAD) was dissected free of the epicardium, and a mechanical occluder was placed around the vessel. After hemodynamic stabilization, seven of the 13 dogs were treated with lidocaine (0.5 mg/kg i.v.). The epicardial electrogram and the surface ECG were recorded simultaneously on an analog eightchannel FM tape recorder (model 3968A, Hewlett-Packard, Palo Alto, California) during the experiment. A baseline recording of 5-minute duration was followed by a 20-minute occlusion of the LAD, and an additional recording was obtained.
Signal Processing Procedure
The electrogram obtained from the epicardial surface of the left ventricle was low-pass filtered up to 500 Hz to prevent aliasing using an analog filter (model 3202, Krohn-Hite, Cambridge, Massachusetts). The filtered signal was digitized at a sampling rate of 1,024 Hz and further processed by a PDP-11/23 computer (Digital, Marlboro, Massachusetts).
A low-noise control waveform was obtained by averaging 25 successive waveforms from the baseline recording obtained before LAD occlusion. The time alignment was based on the maximum value of the cross-correlation function.20 To avoid a stepfunction-like artifact in the spectral analysis, which could be produced by a possible amplitude difference at the edges of the signal, we carried out the following ramp removal by rotation of axes. A mean amplitude of the first 10 sampling points and a mean amplitude of the last 10 sampling points were calculated, and the amplitude at each edge was replaced by the corresponding mean value. A linear function passing through the new edges was created to represent the baseline of the signal, and the value of this function at each sampling point was subtracted from the signal. This operation produced a rotated waveform with even edges and zero baseline.
A power spectrum of the control waveform (512 sampling points, equivalent to 0.5 seconds) was obtained by using the fast Fourier transform (FFT), and the power content was evaluated in three different ranges: the high-frequency range of 150-250 Hz, the mid-frequency range of 40-150 Hz, and the low-frequency range of 2-40 Hz. In addition, the total power in the wide range of 2-250 Hz was computed by summing the contributions of the three aforementioned subranges.
The QRS duration was measured as the time interval between the QRS onset, defined as the earliest point of sharp deflection from the isoelectric level, and the point of return to isoelectric level accompanied by a consistent reduction in slope.16
A series of 11 additional waveforms was selected from the signal recorded immediately after the LAD ligation: the waveform obtained at the instant of ligation (waveform 0), and waveforms for consecutive heart beats numbered 50, 100, 150, 200, 250, 300, 350, separate files and each was subjected to the rotation of axes and spectral analysis procedure described above to follow the variations in the frequency contents of the local electrographic potentials, induced by myocardial ischemia. For each waveform, the power content was evaluated in the three frequency ranges: high, mid, and low. The power in each of these ranges was divided by the total power of that specific waveform. This normalization provided dimensionless numbers measuring quantitatively the proportion of power attributable to each relevant range, referred to in this paper as relative power. Also, referring to the relative power rather than the absolute values in each frequency range facilitated more accurate interanimal comparisons. For examination of the time-dependent changes induced by coronary ligation in each experiment, the relative power in each frequency range was plotted as a function of heart beat number with an Olivetti M24 personal computer. The mean values of the relative power and QRS duration relative to its baseline value, averaged over all animals, were also computed in each range and plotted against the beat number. The averaged control waveform was used as a standard for comparison with the first single electrogram obtained immediately after coronary ligation (beat 0) to assure that the power content in all relevant frequency ranges was not altered up to the moment of ligation. In addition, a similar analysis was carried out for the group of animals treated with lidocaine and for those not treated with lidocaine for comparison between the two groups. Exponential functions were fitted to the curves representing relative power content in each frequency band for each group as a function of heart beat number after LAD occlusion, and characteristic time constants were evaluated.
To determine whether variations in heart rate, which could be induced by coronary occlusion, affected the frequency content of the epicardial waveforms, we have examined the length of the RR intervals in all dogs during all experimental phases. Each RR interval was divided by the length of the RR interval of the control signal to facilitate interanimal comparisons. The dimensionless numbers thus obtained quantitatively expressed heart rate variations independently of actual heart rate values. The mean normalized RR interval was evaluated for each experimental phase over the entire group of animals and plotted against the heart beat number. In addition, a similar analysis was performed separately for the two groups of dogs, those treated and those not treated with lidocaine. Student's t test was used for a statistical analysis of differences between the two groups of animals.
Two body surface QRS complexes, both obtained from a chest lead after thoracotomy, before and 5 minutes after coronary ligation, were independently inspected by two investigators for appearance of visually prominent notches and slurs. By using the high-frequency analysis described previously,16 the 400, 450, and 500. All these waveforms were saved as morphology of high-pass filtered waveforms (150- Results Figure 2 presents 12 waveforms obtained from the recording of the left epicardial signal of one dog not treated with lidocaine during different phases of the experiment. The panel denoted by "control" shows a waveform obtained during baseline recording, and the subsequent panels depict, by displaying every 50th beat, the gradual variations in the electrogram during the first 500 heart beats from the instant of coronary ligation. All 12 waveforms are presented on FIGURE 2. Left ventricular epicardial electrograms of a dog before and after occlusion of the left anterior descending coronary artery. Time and amplitude scales specified for the control waveform obtained before coronary ligation are the same for all waveforms recorded subsequently. The numbers in the lower right-hand comer of each panel indicate sequential numbers of waveforms obtained after coronary ligation.
-j450 the same time and amplitude scales to facilitate visual examination. It is easy to observe considerable QRS widening accompanied by T-wave changes as ischemia persists. Figure 3 summarizes the changes in mean QRS duration relative to its baseline value. The gradual increase in QRS duration corresponds to the effect depicted in Figure 2 .
After spectral analysis of the same data, Figure 4 depicts the corresponding changes in the frequency domain by displaying the time dependence of the relative power in the three aforementioned frequency ranges, high, mid, and low. A gradual decrease of the power in both the high range and the mid range (Figures 4b and 4c ) is accompanied by a considerable increase of the power in the low range (Figure 4a ). Figure 5 summarizes the variations in power after ligation of the LAD by showing the mean of the relative power in the selected frequency bands plotted against the heart beat number for all animals. The proportions of power typical to the highfrequency range and the mid-frequency range markedly decrease after coronary occlusion (Figures 5b  and 5c ), whereas the proportion of power attributable to the low-frequency range gradually increases to nearly 1.0 (Figure 5a ). In other words, as ischemia persists, the major part of the information carried by the electrographic signal is shifted to the frequencies below 40 Hz.
The variations in the heart rate during the first 500 heart beats after coronary ligation are summarized in Figure 6 . Though the RR intervals after the occlusion are typically slightly higher than those obtained before it (about 5% above control), the stability of the curve representing the mean RR interval as a function of heart beat number indicates that no significant variation occurred during the short period of time considered (500 beats at a heart rate of about 150 beats/min, roughly corresponding to 2-3 minutes). Figure 7 presents separately the relative power in the three ranges as a function of heart beat number averaged over all dogs treated with lidocaine and those not treated with lidocaine. The patterns of variations in all three frequency bands are similar in both groups: a marked decrease in the high-and mid-frequency ranges is accompanied by a gradual buildup in the low-frequency range (Figure 7) . Only minor differences are observed between the two groups.
A more thorough examination of the data presented in Figure 7 reveals the following differences between the two groups of animals. In the lowfrequency band, the initial relative power is higher and the increase with time is less pronounced in dogs treated with lidocaine than in those not treated. Likewise, in both the mid-and high-frequency ranges, the initial power is lower and the decay with time is moderate in the former group as compared with the latter.
The shape of the curves presented in Figure 7 suggested an exponential time dependence, specific function f(t) at t=0. The differences described above between the two groups of animals can thus be quantitatively appreciated when examining the val-400 500 ues of constants A and X summarized in Table 1 .
During the control recording, the heart rate level of the animals treated with lidocaine (mean RR=370 250 Hz msec, SDI=40 msec) was considerably higher than of those not treated (mean RR=460 msec, SD=70 msec). The difference was significant to a level of 0.005. Nevertheless, no significant variations were observed in the heart rate of either of the two groups of animals during the first 500 heart beats after coronary occlusion (Figure 8 ).
The morphology of the body surface ECG was altered by LAD ligation in 12 experiments. Pronounced slurs (Figure 1 Waveform number 500 findings observable in high-fidelity body surface ECG (Figure 1 ). We believe that understanding the origin and nature of the high-frequency components of the ECG may eventually promote new noninvasive methods for detection of silent myocardial ischemia, and this study may contribute to knowledge in this field.
The power spectra of electrograms obtained from the left ventricular epicardial surface before and after LAD occlusion were studied in three different frequency ranges. We believe that our observations in the frequency domain may throw some light on the origin of the QRS notching and slurring (Figures la and lc). In addition, a possible explanation might be devised for previously reported variations in the morphology of the high-frequency body surface QRS complex induced by myocardial ischemia14-16 or other inhomogeneities in the myocardial conduction properties17 (Figures lb and ld) . The "Appendix" presented below provides a rigorous treatment to the question of whether a local reduction of power in a certain frequency range (such as observed in the ischemic region) might produce a discontinuity in the body surface signal. The conditions under which such a discontinuity may be perceived as a notch or slur, and the question of why power loss in the highfrequency band may only be detected by examining the residual high-pass filtered QRS, are also discussed in the "Appendix."
The notches or slurs may vary in their size and shape, depending on different factors, such as their frequency content,18 and the phase of the QRS complex on which these components are superimposed.39"13 Also, notches and slurs may be difficult to detect in narrow as opposed to wider complexes. Different techniques were proposed for quantification of the incidence of these details. Goldberger and colleagues" used the derivatives of the ECG signal to detect micronotches that could not be observed visually. In our study, we chose to consider only the appearance of visually distinct major notches and slurs to elucidate whether these features may be produced by acute myocardial ischemia. Our
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ano lidocaine 0 1.16 C0 1.00 096 0..i results showed that in a single chest lead analyzed, acute ischemia produced such obvious variations in 62% of the experiments. Acute ischemia causes a reduction in the depolarization rate of the myocardial cells and a decrease in the conduction velocity,27 as confirmed by the marked widening of the local QRS potential obtained from the ischemic tissue (Figures 2 and 3) . Bearing in mind that the QRS complex is produced by depolarization of the ventricular myocardium, one may conclude that local ischemia causing a reduced depolarization rate in a limited region of the ventricular tissue also causes a local deceleration of the electrical processes responsible for the high-frequency components of the QRS. This slowing down should then cause a power shift from high frequencies to a lower frequency range. Such a shift was indeed confirmed by our results when we compared the relative power in the different frequency bands as a function of heart beat number after coronary ligation. During the first 500 heart beats after coronary ligation, acute ischemia caused a gradual and marked reduction in power in the highfrequency range 150-250 Hz as well as in the midfrequency range 40-150 Hz (Figures 5b and Sc) . This gradual reduction was accompanied by a concomitant increase in power in the low range up to 40 Hz ( Figure  5a ), partly attributable to T-wave variations ( Figure  2) . These observations were made in all experiments, those involving lidocaine treatment and those conducted without lidocaine.
Because all dogs were anesthetized, their heart rate typically reached a level of 150 beats/min with minimal beat to beat fluctuations, reflecting enhanced sympathetic and reduced vagal tone. Therefore, it is easy to understand our observation that the variations in the heart rate within each experiment were extremely small during the short period corresponding to the first 500 heart beats after the occlusion ( Figure 6 ). The pronounced variations in power spectrum of epicar-12s.X0 blidocaine i.io 0 100 Waeo 40b waveform inulalmber FIGURE 8 . Same data as in Figure 6 evaluated separately for the animals not treated (panel a) and those treated (panel b) with lidocaine.
100 wvf 3004u waveform number dial electrogram described above can thus not be attributed to variations in heart rate that might be induced by coronary occlusion.
Lidocaine was used in this study as a prophylactic antiarrhythmic treatment, after several experiments were terminated because of ventricular fibrillation. Lidocaine is known to be most effective against ventricular arrhythmias and is believed to act, at least to a large extent, by blocking sodium channels. [28] [29] [30] [31] During the control recording before ligation, the effect of lidocaine on the epicardial bipolar electrogram is a mild reduction of power in both the highand the mid-frequency ranges and an increase in the low-frequency band (see control values in Figure 7 ). In this sense, the effect of lidocaine is somewhat similar to that of ischemia, as we observed after coronary occlusion. This background effect of lidocaine on the myocardial fibers may be expected to damp or delay abrupt variations in the depolarization rate, produced by the sudden coronary occlusion. Such smoothing influence was confirmed by the larger values of the time constants and the less pronounced changes in spectral content in the different frequency ranges obtained in the experiments with lidocaine, as compared with those not involving lidocaine treatment (Table 1 ). Being aware of the differences between the parameters of the two groups of animals, suggesting biexponential patterns of variations of the averages evaluated for the entire group of animals, we did not attempt to fit a monoexponential function to the curves presented in Figure 5 .
Beyond the differences in the values of the time constants between the two groups of animals, special attention should be paid to the fact that within each group, the time constant characterizing power reduction in the mid-frequency band (40-150 Hz) is very similar to that characterizing the simultaneous power buildup in the low-frequency range . This finding may indicate the very close interrelation between the described variations in these two frequency ranges: the power is actually shifted from higher frequencies down to the lower frequency range. The time constants in the high-frequency band (150-250 Hz) are shorter with and without lidocaine ( Table 1) , indicating that this frequency band may be the most sensitive to ischemia.
Comparing the variations in QRS duration caused by ischemia ( Figure 3 ) with those in power in the low-frequency range (Figure Sa) , one may infer that conduction slowing seems to be a major correlate of the power addition to the low-frequency band below 40 Hz. Furthermore, because this low-frequency power buildup was shown to be due to shifting the power down the frequency axis, it may be concluded that the gradual high-frequency attenuation is attributable mainly to reduced conduction velocity caused by ischemia.
The above-described variations in local electric activity might allow us to make some inferences about their contribution to body surface signals (see "Appendix" for more rigorous treatment). The local reduction of power in the high-frequency range might produce a zone of reduced amplitude in the body surface high-frequency waveform (comprising frequencies in the same specific range) within that short period of time of the QRS deflection, during which the ischemic region depolarizes. 16 Similarly, local loss of power in the mid-frequency range is likely to locally reduce the amplitude of the surface QRS band-pass filtered in this specific range. On the other hand, the nonuniformity of the different parts of the myocardial tissue in their contribution to the highand mid-frequency ranges may produce small discontinuities in the nonfiltered body surface signal, when the depolarization wave front makes its transition from the normal to the ischemic tissue and vice versa. When characterized by sufficient power content, such discontinuities will sometimes be observable in the surface ECG signal. The effect of a local power loss in the high-frequency range may be very small and practically indistinguishable due to the very low relative power content attributable to this specific range. However, power loss in the considerably more energetic mid-frequency band may produce, in one or more leads, a considerably more pronounced discontinuity perceived as a notch or slur.
In conclusion, the depression in the rate of depolarization and the reduced conduction velocity as a result of ischemia cause changes in the frequency content of the local electrogram obtained from the ischemic tissue. In the frequency domain, these changes can be generally summarized as shifting the power from higher frequencies down to the lower frequencies. Acute ischemia induced by complete occlusion of the LAD results in shifting most of the spectral power to the very low-frequency range. This shifting produces a lack of power both in the highfrequency range of 150-250 Hz and in the midfrequency range of 40-150 Hz. The local power loss in the high-frequency range may be detected on the body surface waveform after high-pass filtering, as a zone of reduced amplitude (Figure ld) at the instant of time corresponding to depolarization of the ischemic tissue.14-1'However, it cannot be distinguished in a nonfiltered signal, due to preponderance of the lower frequency components. The corresponding power loss in the mid-frequency band characterized by considerably higher power content may produce a notch or slur (Figure lc) . This notch or slur would appear at the time of depolarization of the injured myocardial mass, in other words, simultaneously with a zone of reduced amplitude in the high-pass filtered waveform, as we have indeed observed.
Alternatively, the generation of notches and slurs in the surface QRS may be explained in terms of the time domain, rather than the frequency domain. During ischemia, conduction slows and often a local block develops. This results in a loss of synchronization of activation and loss of continuity in electrical properties sufficient to cause notching on the surface QRS. Based on the assumption that coronary occlusion does not have an immediate effect on the electrical activity of the myocardial tissue outside the ischemic region, quantifying variations in the local electrogram of the ischemic zone gives additional information about the extent of the nonuniformity of the conduction that produces notching. In our opinion, these two approaches are complementary because the time domain analysis supplies an easy to understand explanation to generation of the QRS notching based on fragmentation of depolarization wavefront, whereas the frequency domain analysis allows for a quantitative approach.
Therefore, QRS notching and changes in the morphology of the high-pass filtered QRS may both be explained by a displacement of power in the frequency domain toward the lower range caused by reduced conduction velocity and depressed rate of depolarization in a limited region of the myocardial tissue.
Appendix: A Simple Model for High-Frequency
Electrocardiographic Details Based on
Superposition of Electric Activity of Different
Tissue Regions The purpose of the physical model presented below is to provide a mathematically rigorous basis to the above-described findings obtained with wide-band ECG recording. The model is based on the assumption that the electrical activity of the heart muscle may be simulated by that of a large number of electrical dipoles, each corresponding to a certain region of the myocardial tissue. Based on this assumption and the basic properties of Fourier transform, we will show that local reduction of power content in a specific frequency range, as we observed in the epicardial electrograms in acute ischemia, may produce variations in the body surface ECG, similar to those observed in actual surface electrocardiograms.
Consider a static dipole p-at the origin of a threedimensional coordinate system. At a distant point A, the dipole causes a known electric potential VA. Similarly, at another distant point B, the electric potential VB may be evaluated. The difference V between the potentials at the two points is also known. If the dipole at the origin changes with time (allowing variations in magnitude as well as in spatial orientation), then the potential difference between points A and B is time dependent V=V(t).
Considering in the vicinity of the origin N timedependent dipoles, representing the entire myocardium, the resultant potential difference V(t) may be obtained by scalar summation of the contributions from each single dipole j: N V(t)= Vi(t).
(1) j=1 The potential difference V(t) may be expanded into an infinite series of exponential functions: 1 I+X V(t) =2 Jr U(w))eiXd(o,
where the expansion coefficients can be evaluated by: Considering the form of V(t) and bearing in mind the additive character of Fourier transform, we obtain: N U(cO)= E Uj(4), j=l where Uj(w) is defined by: + X Uj0) = -XVj(t)e-'£0tdt (4) 
Substituting this result into Equation 2, we obtain: (6) and changing the order of integration and summation: (7) As a first approximation we may assume that each dipole has nonzero magnitude for only a finite time T, and at any instant only one dipole is "active." This approximation may be justified assuming finite propagation velocity and the ability to subdivide the myocardium into groups of cells, so that only one group is active at a time. Thus: (8) Vi (t) =V iri(t) , where irj(t) is defined as follows: irj(t)_ 1 for jT<t<(j+1)T rM(t) 0 O elsewhere Following this assumption, one may suggest that at any given instance V(t) is caused by a single dipole: 
If the potential V(t) is continuously monitored and the obtained signal is band-pass filtered in the range [wis,oU)2], then during the time kT<t<(k+1)T the amplitude of the filtered signal will be negligible: 1 fJ Uk(w,)eiwtdo)0 Thus, visual examination of the filtered signal would reveal a zone of reduced amplitude at a due time. In particular, within the limitations of the considered model, the above calculation demonstrated that local reduction of power in the high-frequency range 150-250 Hz may produce a zone of reduced amplitude in the high-frequency QRS complex. On the other hand, examination of the original nonfiltered signal should also reveal locally reduced amplitude, provided that the power loss is not negligible compared with the total power, which is indeed the case for the mid-frequency range 40-150 Hz. Thus, local power loss in the mid-frequency range may produce a visible discontinuity perceived as a notch or slur in the high-fidelity QRS potential.
